Choi HW, Zhang ZD, Farren ND, Kassab GS. Implications of complex anatomical junctions on conductance catheter measurements of coronary arteries. J Appl Physiol 114: 656 -664, 2013. First published January 10, 2013 doi:10.1152 doi:10. /japplphysiol.00987.2012, the position of the conductance catheter to measure vessel lumen crosssectional area may vary depending on where the conductance catheter is deployed in the complex anatomical geometry of arteries, including branches, bifurcations, or curvatures. The objective here is to determine how such geometric variations affect the cross-sectional area (CSA) estimates obtained using the cylindrical model. Computer simulations and in vitro and in vivo experiments were used to assess how the electric field and associated CSA measurement accuracy are affected by three typical in vivo conditions: 1) a vessel with abrupt change in lumen diameter (e.g., transition from aorta to coronary ostia); 2) a vessel with a T-bifurcation or a Y-bifurcation; and 3) a vessel curvature, such as in the right coronary artery, aorta, or pulmonary artery. The error in diameter from simulation results was shown to be relatively small (Ͻ7%), unless the detection electrodes were placed near the junction between two different lumen diameters or at a bifurcation junction. Furthermore, the present findings show that the effect of misaligned catheter-vessel geometrical configuration and vessel curvature on measurement accuracy is negligible. Collectively, the findings support the accuracy of the conductance method for sizing blood vessels, despite the geometric complexities of the cardiovascular system, as long as the detection electrodes are not placed at a large discontinuity in diameter or at bifurcation junctions. impedance catheter; electric potential distortion; vessel morphology; bifurcation; catheter deployment THE CONDUCTANCE CATHETER HAS been widely used for measuring the lumen area of the aorta (9, 11, 21) and medium-size arteries (4, 8a, 18, 19), as well as the volume conductance of cardiac ventricles (2, 3, 15-17). The conductance catheter electric field is generated by the excitation electrodes and sensed by the detection electrodes, such that the field satisfies the electrical cylindrical model (9, 18). The cylindrical model requires the isopotential field lines between the detection electrodes to be parallel with each other and uniformly distributed along the cross-section of the vessel lumen (8b). In isodiametric, unbranching vessels, where the ratio of excitation electrodes spacing to vessel diameter is adequately large (Ͼ2), the cylindrical model has been shown to hold (8b, 18). The question, which has not yet been addressed, is what degree of geometric complexity (e.g., abrupt geometric changes, bifurcations, curvature, etc.) can skew the electrical potential field lines and compromise the cylindrical model.
THE CONDUCTANCE CATHETER HAS been widely used for measuring the lumen area of the aorta (9, 11, 21) and medium-size arteries (4, 8a, 18, 19) , as well as the volume conductance of cardiac ventricles (2, 3, (15) (16) (17) . The conductance catheter electric field is generated by the excitation electrodes and sensed by the detection electrodes, such that the field satisfies the electrical cylindrical model (9, 18) . The cylindrical model requires the isopotential field lines between the detection electrodes to be parallel with each other and uniformly distributed along the cross-section of the vessel lumen (8b) . In isodiametric, unbranching vessels, where the ratio of excitation electrodes spacing to vessel diameter is adequately large (Ͼ2), the cylindrical model has been shown to hold (8b, 18) . The question, which has not yet been addressed, is what degree of geometric complexity (e.g., abrupt geometric changes, bifurcations, curvature, etc.) can skew the electrical potential field lines and compromise the cylindrical model.
The arterial blood vessel system has significant variation of anatomical structures, including branches, bifurcations, and curvatures. Depending on the measurement (detection) position of interest, the detection electrodes may have various geometrical configurations relative to the lumen. These geometric nonuniformities can potentially cause deviations in the condition that the equipotential lines in between the two detection electrodes are uniformly distributed in parallel with the radial direction of the vessel lumen. Although there have been studies optimizing the conductance catheter interelectrode distances for lumensizing (8b, 18, 29a) , the role of complex, three-dimensional geometries of the vascular system has not been systematically considered. Here, we performed computational simulations as well as in vitro and in vivo experiments to investigate how the electric field and associated cross-sectional area (CSA) measurement accuracy are affected by the catheter-vessel configuration for various vascular configurations, including branches, bifurcations, and curvature.
METHODS
Geometry and computational domain. Three catheter-vessel configurations are considered in the present study: 1) a conductance catheter placed through a blood vessel with an abrupt longitudinal change in lumen diameter, as depicted in Fig. 1A (e.g., transition from aorta to coronary ostia); 2) a conductance catheter placed within a T-bifurcation (Fig. 1B) and a Y-bifurcation (Fig. 1C) ; and 3) a misaligned conductance catheter placed in a straight blood vessel and in one with curvature (Fig.  1D ). Under each vascular morphology, a variety of catheter placements and positions was tested. The arteries considered were assumed to be superficial in the surrounding cardiac tissue (epicardial), based on observations that clinically diseased arteries warranting measurement tend to be superficial (20) . It was assumed that the anterior one-half of the epicardial artery was covered by a thin layer of fat (i.e., 1-3 mm) as well as the tissue exterior to the heart, including the pericardium, whereas the other one-half was embedded in the cardiac muscle. The dimension of tissue depicted in Fig. 1 was based on literature data (7, 8, 14, 21b, 26, 27, 29, 30) . The electrode excitation distance was 12 or 20 mm, depending on the vessel size considered, to ensure the cylindrical model assumption (18) .
Governing equation and numerical methods. The electric field was simulated within the computational domains depicted in Fig. 1 using Poisson's equation as follows
where and denote electrical conductivity and electric potential, respectively. The driving current I is injected into the domain through the specified boundary of excitation electrodes on the conductance catheter as described in previous studies (9, 18) . At the outer boundary of the computational domain, the Neumann boundary condition or zero spatial derivative of electric potential (i.e., no electric current across the boundary) was assumed, similar to the previous conductance catheter studies (9, 18) . The electrical conductivities used for the simulations were assumed to be 0.05, 0.4, and 0.18 and 0.69 S/m for fat, cardiac muscle (longitudinal and transverse direction), and pericardial tissue plus fluid (assumed to be the same as blood), respectively, based on literature data (9, 28, 31).
The finite volume commercial package ANSYS Fluent (version 12.1; ANSYS, Canonsburg, PA) was used to solve the governing equation combined with computer codes implemented for boundary conditions. For all simulations, the computational domain consisted of tetrahedral elements. All simulations were performed on a Dell Workstation T7500 with two Intel Xeon processors and 12 gigabytes of memory. Fig. 1 . Schematic drawings of the computational domain used for simulations. A: an artery with an abrupt change in lumen diameter, such as the transition from the aorta to the coronary artery. B: an artery with a T-bifurcation or (C) a Y-bifurcation. D: a curved artery. Dm and Dd denote the main trunk (mother) and daughter branch of the artery, respectively. The conductance catheter diameter was assumed to be 0.9 mm (corresponding to a 0.035-in. guidewire or 2.7-Fr catheter used for in vitro and in vivo measurements). Two inner (detection) electrodes and 2 outer (excitation) electrodes were formed, such that LE12 and LE34 denote each spacing of the excitation electrodes on either side of the detection electrodes (LE12 ϭ LE34 was assumed to be 4 mm), and LD denotes the detection electrodes' spacing (assumed to be 1 mm). This is consistent with previous studies (4, 18, 19, 34) . The excitation electrodes' spacing was 12 or 20 mm, consistent with a recent study (34). LM, LF, and LP, respectively, denote the thickness of cardiac muscle, fat, and pericardium. The surrounding tissue was configured such that the anatomical position of the artery of interest is superficial (i.e., anterior 1/2 of the artery is covered by a thin layer of fat ϩ tissue exterior to the heart, including pericardium, and the other 1/2 is covered by cardiac muscle). The dimension of surrounding tissue was assumed that LM, LF, and LP, respectively, are 14, 1-3, and 16.5 mm (7, 8, 14, 21b, 26, 29, 30) . Ø denotes the angle between radial line of detection electrodes' center (dashed line) and symmetric line (solid line). The lumen diameter and radius of curvature of the artery center line are 10 and 20 mm, respectively. Fig. 2 . The percent error in predicted diameter along the various axial positions of the conductance catheter in a vessel with an abrupt change in lumen diameter for (A) Dm ϭ 11.9, and Dd ϭ 3 mm and (B) a variety of Dm/Dd, based on the scaling law of lumen diameters (13) and literature data (1, 6, 21a, 22, 23, 33) in the absence and presence of parallel conductance. At the very junction (i.e., the relative detection positions of xdet ϭ 0 mm), the diameter error varies, depending on the reference diameter that is considered the daughter vessel (i.e., Dd, denoted by circles in A), average of mother and daughter vessel [i.e., (Dm ϩ Dd)/2, denoted by the triangle in A], or mother vessel (i.e., Dm, denoted by the square A). B: OE and denote Dm ϭ 4.1, and Dd ϭ 3 mm without and with surrounding tissue, respectively. □ and denote Dm ϭ 5, and Dd ϭ 3.7 mm and Dm ϭ 11.9, and Dd ϭ 3 mm, respectively. The gradient symbol represents the configuration of the transition from aorta to coronary ostia (i.e., Dm ϭ 25, and Dd ϭ 5 mm) in the absence of surrounding tissue. The 0-mm detection position represents that the center of detection electrodes is positioned right at the junction. Electric potential contours over a range of (C) ratios of Dm/Dd ϭ 1-5 at the detection position of xdet ϭ Ϫ1.5 mm and (D) the relative detection positions of xdet ϭ Ϫ12 Ϫ 2 mm with the ratio of Dm/Dd ϭ 4. Normalized electric potential contours over the detection electrodes at the detection position of xdet ϭ Ϫ1.5 mm for the lumen diameter ratio of Dm/Dd ϭ 4 (E) and 1 (F). xdet denotes the relative position of detection electrodes from the junction of abrupt change in lumen diameter. The solid and dashed lines denote proximal and distal detection electrode, respectively.
The CSA and parallel conductance can be analytically determined (lumped model) using two injections of different saline solutions with the following equations (18, 19) 
where G, Gp, L, and denote total conductance, parallel conductance, distance between detection electrodes, and electrical conductivity of saline, respectively, and subscripts 1 and 2 designate two different injections of saline solutions. The percent error in diameter is defined as |D cal Ϫ Dtrue|/Dtrue, where Dcal and Dtrue, respectively, denote calculated diameter from Eq. 2a by the relation of Dcal ϭ ͙ 4·CSA⁄ (19) and true diameter.
In vitro validation. To validate the computer simulations, the conductance was measured in three different phantom tube configurations that matched the simulations. For an artery with an abrupt change in lumen diameter, a Tygon R-3603 silicone tubing (0.5-in. inner diameter; Saint-Gobain Performance Plastics, Aurora, OH) was connected to another Tygon silicon tubing (0.125-in. inner diameter) using an intermediate-size tube as a connector. The tubing was secured around the connecting region by parafilm to prevent leakage. For the configuration of a T-and Y-bifurcation, rigid, plastic Nalgene T-and Y-molds (Nalgene International, Rochester, NY) were used. A conductance catheter of 0.035-in. diameter was inserted into the phantom tubes to measure conductance. The inner diameters of the Tand Y-mold were measured using a micrometer.
In vivo measurements. The in vivo experiments were performed in three domestic male swine (55-65 Kg). The animals were fasted overnight and given an intramuscular injection of Telazol 10 mg/kg, Ketamine 5 mg/kg, and Xylazine 5 mg/kg as an initial anesthetic. The animals were intubated and mechanically ventilated with 100% oxygen and 1-2% isoflurane. Vital signs (heart rate, respiratory rate, oxygen saturation, end-tidal carbon dioxide), body temperature, ECG, and blood pressure were monitored and maintained within a physiological range (mean pressure of 80 -90 mmHg) during the entire experimental procedure. A sheath (6 Fr) was inserted into the femoral artery to allow standard access of the coronary arteries under fluoroscopic guidance. A conductance catheter (2.7 Fr) was advanced over a 0.014-in. guidewire to the positions of interest. Angiography was performed to confirm the positions of the electrodes in the vessel. The voltage across the detection electrode pair was measured before, during, and after injection of 10 ml 0.9% NaCl solution (normal saline), followed by the injection of 0.45% NaCl (one-half normal saline) in the vessel. The studies were approved by the Institutional Animal Care and Use Committee of Indiana University-Purdue University Indianapolis. Figure 2 illustrates the error in the calculated diameter for a model of irregular axial lumen diameter over the conductance catheter electrodes, including the aorta to coronary ostia, as depicted in Fig. 1A . The results demonstrate that the diameter error varies, depending on where the detection electrodes of the conductance catheter are positioned. Figure 2A shows that the error is affected by the distance that the detection electrodes are from the junction where the two different-size vessels come in contact with each other. The results indicate that the error is very small (i.e., Ͻ2%), unless the detection electrodes are placed in the vicinity of the junction. The pattern of error profile with detection electrodes' position, however, was Fig. 3 . A: electric potential contours at the detection position of xdet ϭ Ϫ1.5 mm for 3 different degrees of catheter alignment with the artery (i.e., no tilt, moderate, and severe tilt of conductance catheter with the axial direction of artery) and (C) corresponding percent error in calculated diameter. Ø denotes the angle between the axial line of the conductance catheter and artery. No tilt, moderate tilt, and severe tilt, respectively, indicates Ø ϭ 0°, 1.5°, and 4°. The variation of lumen diameter is 10 -7.4 mm. B: electric potential contours for 3 different catheter positions (i.e., Ø ϭ Ϫ29°, 0°, and 29°) and (D) corresponding percent error in calculated diameter for curved artery.
RESULTS

Conductance measurements in aortic ostia model.
shown to be asymmetric. Specifically, the error increased significantly when the detection electrodes were placed near the junction in the large vessel side (e.g., 2 mm to the large vessel), whereas it was negligible when the detection electrodes were positioned at the corresponding point in the small vessel side (e.g., 2 mm to the small vessel). At the junction itself (i.e., detection position x det ϭ 0 mm), the results show that the diameter error can vary, depending on how the reference diameter for error calculation was defined (i.e., daughter vessel diameter, average of daughter and mother vessel diameters, or mother vessel diameter).
The electric field and conductance measurement can be affected by the surrounding tissue, as well as the relative size of the two adjacent vessels. Figure 2B The results demonstrated that the degree of electric field distortion becomes severe as the diameter ratio increases, and the detection point moves closer to the junction. This was shown to lead to increased diameter error, but accurate measurements were still possible, as long as both detections were in small vessels or away from the junction in large vessels.
In vivo, the conductance catheter may not be parallel with the vessel (e.g., aorta) axis. Figure 3A depicts a conductance catheter that is misaligned with the vessel and shows how the electric field is altered for three different angles that represent different degrees of catheter misalignment (i.e., centered, moderate, and severe tilt of catheter). Figure 3C shows the diameter error corresponding to the various misalignments. As apparent in Fig. 3C , the results demonstrate that the effect of tilt angle on conductance measurement accuracy is negligible.
The conductance catheter in a curved vessel (e.g., right coronary artery, aorta, or pulmonary artery) may be bent, depending on the curvature of a blood vessel. Figure 3B depicts a conductance catheter in a curved vessel with a curve angle of 180°and represents the electric potential contours for three different catheter positions with different angles of detection electrodes, leading to different electric potential distributions. Figure 3D shows the diameter error corresponding to the different catheter positions. The results demonstrate that the effect of vessel curvature on conductance measurement accuracy is negligible.
Vessel bifurcations. Figure 4 depicts a variety of potential placements of the conductance catheter in the T-and Y-shaped bifurcations and the corresponding errors in diameter predictions. In the case of a T-bifurcation with a lumen diameter ratio of 1.9 (i.e., D m ϭ 11.3 mm, and D d ϭ 6), the error was shown to be negligible (Ͻ1%) over the majority of the detection electrodes' positions, although it increased slightly (Ͻ6%) as the detection electrodes were positioned right within the junction area (Fig. 4, A and B) . The general increase in error near the junction opening area was shown for various lumen diameter ratios but still remained Ͻ12% (Fig. 5B) . The results also demonstrate that the change in error induced by parallel conductance (i.e., electric current leakage through the surrounding tissue, depicted in Fig. 1B) is not significant unless the detection electrodes are positioned in the vicinity of the junction opening area (Fig. 5B) . Figure 5A shows that the electric potential distributions are altered over the detection electrodes near the junction opening area by the presence of parallel conductance.
In the case of Y-bifurcation with a lumen diameter ratio of one (i.e., D m ϭ D d ϭ 11.1 mm), the error over a variety of detection electrodes' positions, including the Y-junction area (Fig. 4, A and B) , was shown to be insignificant (Fig. 4B) . Also, the level of diameter error was shown to be relatively insensitive to the diameter ratios considered (Fig. 5B) . Furthermore, the results demonstrate that the error increased due to parallel conductance (i.e., electric current leakage through surrounding tissue, depicted in Fig. 1C ) but still remained Ͻ11% (Fig. 5B) . The increase in error is attributed to the altered electric field over the detection electrodes within the junction areas, depicted in Fig. 5A .
In vitro validation. The computational simulations were experimentally validated with in vitro conductance measurements in three different phantom tube configurations illustrated in Fig. 1 , A-C. Fig. 4A ) in the absence (top) and presence (bottom) of surrounding tissue (parallel conductance). B: the percent error in the predicted diameter for a variety of ratios Dm/Dd, based on the scaling law of diameters (13) in the absence and presence of parallel conductance (i.e., surrounding tissue depicted in Fig.  1, B and C) . The filled and empty circles represent a comparison of the diameter error with and without surrounding tissue, respectively, for the smallest artery measured (i.e., 3 mm), proximal and distal to the junction opening (i.e., position 4 vs. 5 for T-junction and position 4 vs. 6 for Y-junction in Fig. 4) . the in vitro experiments confirmed that the error remains small (Ͻ5%) unless the detection electrodes are placed in the vicinity of the region of abrupt irregular vessel geometry.
In vivo observation. The in vivo CSA of a coronary artery with branches was determined by conductance measurements over a variety of positions of the electrodes relative to a bifurcation. Figure 7A shows the angiographic images of conductance catheter electrodes placed at various positions relative to a bifurcation. Figure 7B shows the percent error in diameter determined by the conductance method compared with quantitative coronary angiography over the various detection positions relative to a bifurcation. The results demonstrated that the error is small (Ͻ2%; Fig. 7B ) as long as detection electrodes are away from the bifurcation junction, even if one of the excitation electrodes is positioned near the junction, whereas the error increases slightly as the detection electrodes are placed right next to the junction (Ͻ7%; Fig. 7B) .
The results indicated that accuracy of measurement is not sensitive to the electrodes' positions relative to the bifurcation. Specifically, the variability in percent error compared with the diameter assessed by quantitative angiography was found to be Ϯ2.5% over a variety of detection positions considered. The current observation in vivo is consistent with the in vitro experiments and simulations for a Y-bifurcation model, which demonstrated that the variability in percent error of diameter is Ϯ1.3% and Ϯ1.4% for the in vitro measurements and simulations, respectively.
DISCUSSION
As suggested in the two-salinity-injection approach proposed by Kassab et al. (18, 19) , the lumen area of the blood vessel is determined by an analytical relation between electri- cal conductance and vessel CSA, as described in Eq. 2a. The cylindrical model that forms the basis for this relation holds under the circumstance where the electric potential is distributed uniformly over the detection electrodes. In vivo, however, the electric potential distribution around the detection electrodes may vary, depending on the catheter-vessel configuration, which may affect the accuracy of Eq. 2a. Here, we performed computer simulations and both in vitro and in vivo experiments to investigate the role of complex anatomical geometries, including branches, bifurcations, and curvature on the conductance catheter performance.
To measure the CSA of the proximal coronary artery (first 1 cm from ostia), the conductance catheter must be inserted via the aorta. The excitation and detection electrodes on the conductance catheter are likely straddled over the aorta and coronaries so that all of the electrodes may not be positioned in an axially uniform lumen diameter. The results demonstrated that the error in diameter is small (i.e., Ͻ2%; Fig. 2, A and B) over the various intervessel configurations (i.e., lumen diameter ratio or D m /D d ), as long as both detection electrodes are placed in the coronary artery, even if one of the excitation electrodes is positioned in the aorta.
We also systematically considered how the measurement accuracy was affected by the axially irregular lumen diameter configurations for a broad range of lumen diameter ratios and detection positions in the presence of parallel conductance. The results demonstrated that the error remains Ͻ7%, even in the presence of significant parallel conductance (up to ϳ80% of the total conductance; data not shown), which is consistent with the previous in vivo study (Ͼ60% of the total conductance) (19) . This suggests that the impact of parallel conductance on the measurement accuracy is insignificant as long as both detection electrodes are placed in the coronary artery, regardless of the positions of the excitation electrodes. On the other hand, the level of error was shown to become sensitive to the lumen diameter ratio and detection position when the detection electrodes are straddled in the aorta with one of the excitation electrodes in the coronary artery (see Fig. 2B ).
The simulations indicated that the electric potential can be skewed and distributed nonuniformly over the detection electrodes depending on the catheter-vessel configuration (compare Fig. 2, E and F) . This can lead to a violation of the cylindrical model assumption. For the cases considered, the results show that the CSA measurement accuracy is not significantly affected by how the conductance catheter is aligned within the vessel of interest (Fig. 3, A and C) . Furthermore, the results suggest that the CSA measurement accuracy is not sensitive to how the conductance catheter is placed in a curved vessel (Fig.  3, B and D) .
Two different bifurcations (i.e., T-and Y-bifurcation) were also used to address how the geometrical configuration of a vessel bifurcation influences the CSA measurement accuracy. The results demonstrated that the error is small (i.e., Ͻ5%) in the absence of parallel conductance over a range of main trunkbranch dimensions, as long as the conductance catheter was not positioned within the bifurcation junction, regardless of where the excitation electrodes were placed (Figs. 4 and 5) . It was also shown that the effect of parallel conductance on CSA measurement accuracy was small (Ͻ11%) unless the detection electrodes were positioned in the right vicinity of a junction opening area of T-and Y-bifurcation, as shown in Fig. 5B .
The CSA measurement accuracy was also verified by in vitro experiments for three different phantom tube configurations depicted in Fig. 1 . The simulations were shown to be in very good agreement with the experiments and confirmed that the effect of irregular catheter-vessel geometrical configuration on CSA measurement accuracy was minimal, as long as the detection electrodes were positioned away from the region where the lumen diameter changes abruptly (i.e., at bifurcation junction), as shown in Fig. 6 .
Although the complexities that would be encountered in clinical circumstances, including parallel conductance, are simplified, the results demonstrated that the impact of parallel conductance by the surrounding tissue on conductance measurement accuracy is insignificant, especially for diseased vessel configurations (i.e., superficial vessels), where the parallel conductance is expected to be lower, as long as the detection electrodes are not in the bifurcation junction (Figs. 2B and 5B) . Furthermore, the small diameter error over a variety of positions of the detection electrodes in a Y-bifurcation model, which was confirmed by the simulations and in vitro experiments (Fig. 6C) , was also observed consistently in the in vivo measurements (Fig. 7) .
The present finding suggests that the relative position of the detection electrodes is the major determinant of sizing accuracy. This is consistent with the previous work of Spinelli and Valentinuzzi (29a) on volume measurements. This finding is also consistent with our previous study (4) of stenotic arteries, demonstrating that the detection electrodes' position relative to stenosis is a more decisive variable than the location of the excitation electrodes.
In summary,the current results suggest that the salinityinjection approach, using conductance measurement, is an accurate method for artery lumen sizing, even for nonuniform lumen configurations, including branches, bifurcations, and curvature, as long as both detection electrodes are adequately removed from the vicinity of the bifurcation junctions. The effects of curvature are negligible.
GRANTS
Funding for this research was provided by 3DT Holdings (Indianapolis, IN).
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the authors. 
AUTHOR CONTRIBUTIONS
